Endothelin may play an important role in modulating myocardial contractility under certain pathophysiological conditions. To determine whether endothelin beneficially modulates myocardial contractility in the common clinical condition of acidosis, we compared the effects of endothelin-1 on intracellular Ca2' transients and isometric contractions under normal (extracellular pH [pH.] 7.4) and acidotic (pHO 6.4) conditions in ferret papillary muscles (n=33) loaded with the Ca2'-regulated bioluminescent indicator aequorin. A pH. of 6.4 was induced by replacing 92% of HCO3-with Cl in the bathing medium. The effects of endothelin at pH. 6.4 differed from the effects at pHO 7.4 in that 1) the minimally effective concentration of endothelin was 30-fold lower (1x10-10 M at pH. 6.4; 3x10-9 M at pH. 7.4) and the concentration-response curve of endothelin was significantly shifted to the left with a decrease in log EC50 from -7.83+±0.13 to -8.92±0.10 (p<0.001), indicating an increased sensitivity of myocardium to endothelin; 2) endothelin produced an increase of :375% in tension development at pH. 6.4 (= 62% at pHI 7.4) (p<0.001) without increasing peak [Ca2"]i (t13% increase at pH. 7.4, p<0.001), indicating an increase in myofilament Ca2' responsiveness; and 3) endothelin significantly abbreviated (=-19%v, p<0.001) the prolonged intracellular Ca21 transient induced by acidosis (pH0 6.4). In addition, pretreatment with 10 ,uM of the Na+-H+ exchange inhibitor 5-(N-methyl-N-isobutyl)-amiloride significantly attenuated endothelin-induced effects on the intracellular Ca2' transient and contraction during acidosis. Results indicate that 1) acidosis decreased myofilament Ca2' responsiveness and prolonged the intracellular Ca21 transient, whereas endothelin enhanced myofilament Ca2+ responsiveness and abbreviated the intracellular Ca2+ transient by decreasing intracellular H' via Na+-H+ exchange during acidosis; and 2) endothelin exerts its cardiotonic effects at much lower concentrations during acidosis, presumably due to altered behavior of the receptor. Taken together, these findings suggest that endothelin could beneficially reverse acidosis-induced negative inotropic and lusitropic effects on the intracellular Ca21 transient and myocardial contractility. (Circulation Research 1992;71:631-639 
Materials and Methods Experiments (n = 33) were performed on papillary muscles isolated from the right ventricles of young adult male ferrets (age, [14] [15] [16] weeks; body weight, 1.0-1.4 kg). Muscles were loaded with the Ca2'-regulated bioluminescent indicator aequorin by a modified chemical loading procedure. 24 Briefly, muscles were first exposed to an oxygenated solution composed of (mM) NaCl 120, KCI 5.9, glucose 11.5, NaHCO3 25, NaH2PO4* H20 1.2, MgC12* 6H20 1.2, CaCl2 0.1, and EDTA 0.1 for 2-4 minutes at 25°C. Instead of immersing the muscles into aequorin solution, 1-1.5 ,ul aequorin solution (1 mg/ml) was then pressure injected into muscles, just beneath the endocardium, through a glass micropipette. CaCl2 was gradually increased to 2.0 mM within 40 minutes and the temperature of the bath was slowly returned to 30°C. EDTA-containing solution in the muscle bath was then replaced by physiological salt solution containing (mM): NaCl 120, KCl 5.9, glucose 11.5, NaHCO3 25, NaH2PO4 * H20 1.2, MgCl2* 6H20 1.2, and CaCl, 2.0. The solution was bubbled continuously with a mixture of 95% 02-5% CO2 at 30°C that had a pH of 7.4. Muscles were vertically mounted between a miniature clamp and an isometric force transducer (MBL/5514-02, Sensotec) with a 5-0 Tevdek thread. A narrow chamber at the base of the glass muscle bath extended a short distance axially into an ellipsoidal reflector, allowing the muscle to be positioned near one focal point of the reflector; a photomultiplier (Thorn-EMI 9635 QA, Gencom Inc., Fairfield, N.J.) was mounted so that its cathode was at the other focal point. 25 This symmetrical reflecting system has high optical efficiency (the minimum current that can be reliably detected is 0.07 nA and the resting aequorin light from all preparations in this study was above 0.5 nA) and minimizes motion artifacts. Light and force signals were recorded on a VHS video cassette recorder (A.R. Vetter Co., Rebersburg, Pa.), and a multichannel analyzer (model 4094A, Nicolet Instrument Corp., Madison, Wis.) was used for averaging aequorin light signals (usually to obtain a satisfactory signal-to-noise ratio. One hour after the loading of aequorin, the muscle at optimal length (the length at which the greatest peak twitch tension developed) was stimulated to contract at 4-second intervals with 5-msec square-wave pulses applied through a punctate platinum electrode located at the base of the muscle. Before starting the experimental protocols, the muscle was stimulated to contract for 2 hours to reach stable function (i.e., stable Ca 2+ transient, resting and developed tension), and to discharge all the aequorin remaining in the extracellular space (the aequorin was quickly discharged by 10`3 M [Ca 2+], in the extracellular space). The full discharge of the aequorin in the extracellular space was assumed when no further decrease in resting aequorin light was detected during a period of 50-60 minutes.
In those experiments in which pH. was varied, 23 mM HCO3 was omitted from the solution and replaced by equimolar Cl-(pH, 6.4 the volume of the organ bath was reduced from 55 ml to 5 ml (enough volume to just cover the muscle), and the temperature of the solution in the organ bath was maintained at 30C; 2) warmed physiological salt solution containing Triton X-100 and high [Ca 2+] was rapidly flushed into the organ bath (2.5% Triton X-100, 20 mM [Ca2`]0) to lyse the preparation and discharge the remaining aequorin; 3) the emitted light during lysis was integrated until complete discharge of the aequorin; and 4) the time integral of this light signal was then corrected by the rate constant for aequorin consumption (2.11/sec) determined in vitro. 31 Complete discharge of aequorin was assumed when no further light emission was detected during a 10-minute period, and the background had fallen to the level of the dark current.
It is conceivable that endothelin-1 or its metabolites might diffuse into myocardial cells and interact directly with the loaded aequorin to alter the luminescent reaction or the responsiveness of aequorin to Ca2+.32 Therefore, endothelin-1 was tested in vitro using the basic method and calibration device described by Blinks et al. 33 These tests showed that neither the Ca2+-dependent light emission nor the Ca2+-independent light emission were affected by endothelin-1, indicating that endothelin-1 does not interact directly with aequorin in a way that would alter the experimental results. In vitro results show that a fall in pH causes a slight reduction in the light emission from aequorin. 25 Data are expressed as mean+SEM. Student's t test was used for paired data from the same muscle or unpaired data from different muscles. Number of experiments is indicated by n.
Chemicals
Pure synthetic bioactive endothelin-1 (Sigma Chemical Co., St. Louis, Mo.) was dissolved in deionized water to a concentration of 8 ,uM and stored below -20°C until used. All of the endothelin-1 used in this study was from the same batch (lot 21H02181). 5-(N-methyl-Nisobutyl)-amiloride (MIA) was purchased from Research Biochemicals Inc., Natick, Mass. Time in pHo 6.4 Figure 4 , it is evident that both the efficacy (i.e., the maximal response shown in the upper and middle panels) and the potency (i.e., the relative effective doses shown in the lower panel) of endothelin were enhanced at pHO 6.4, suggesting an increased myocardial responsiveness to endothelin (presumably due to the altered behavior of the endothelin receptor).
Effects of Endothelin on Peak [Ca 2+1
and Peak Tension At pHO 6.4, endothelin produced a much greater increase in tension development ( Figure 4) Figure 4) whereas the intracellular Ca2' transient was abbreviated, the contraction was enhanced and prolonged. To illustrate these changes more clearly and to compare the changes at pH0 6.4 with those at pHo 7.4, we 1) summarized the averaged change of time courses in Table 2 , and 2) superimposed responses with and without endothelin at the two different pHos after j... Table 2 ). Note that the longer intracellular Ca21 transient in Figure 6B was caused by acidosis alone (see Figure 3) . Moreover, at pH, 6 Influence of MIA on the Effects of Endothelin at pH, 6.4 To test the hypothesis that the reversal of intracellular acidosis by endothelin was related to alkalinization via the Na+-H+ exchanger of the sarcoplasm, comparisons were made of the effects of endothelin at pH, 6 .4 in the presence and absence of the Na+-H+ exchange inhibitor MIA, which is reported to be the most potent Na+-H+ exchange inhibitor of the amiloride derivatives. 34 
Sensitivity of Myocardium to Endothelin
One important finding of this study is that, compared with pHo 7.4, the potency and efficacy of endothelin were significantly enhanced at pH. 6.4, indicated by the leftward and upward shifts of the concentration-response curve (Figure 4) . The leftward shift of the concentration-response curve (Figure 4 , lower panel)
suggests that binding of endothelin to its receptors was Figure 5) .
The results shown in Figures 6B and 7 and Table 2 suggest that an increase in the Ca2' affinity of troponin C might be involved in endothelin's action, which 
